1. Clinical Features of Autoimmune Hepatitis {#sec1-ijms-17-02007}
============================================

Autoimmune hepatitis (AIH) is a serious autoimmune liver disease that is characterized by a progressive destruction of the liver parenchyma and the development of chronic fibrosis \[[@B1-ijms-17-02007],[@B2-ijms-17-02007],[@B3-ijms-17-02007],[@B4-ijms-17-02007],[@B5-ijms-17-02007]\]. An estimated 100,000 to 200,000 persons are currently affected by AIH in the USA \[[@B6-ijms-17-02007],[@B7-ijms-17-02007]\] and, according to the World Health Organisation, AIH has an annual incidence of approximately 2 in 100,000 individuals and a prevalence 15 cases per 100,000 persons worldwide \[[@B8-ijms-17-02007]\]. Thus, the prevalence and incidence of AIH is similar as for the two other major autoimmune liver diseases, primary biliary cholangitis (PBC) and primary sclerosing cholangitis (PSC). As in most autoimmune diseases, AIH has a female predominance (sex ratio, 3.6:1). It occurs in children and adults of all ages and affects several ethnic groups \[[@B9-ijms-17-02007]\]. Two variants of AIH have been postulated in the past. Both variants are associated with major histocompatibility complex (MHC) class I human leukocyte antigen (HLA)-B8 and with MHC class II HLA-DR3 (*DRB1\*03:01*). In addition, AIH type 1 is also associated with *HLA-DR4* (*DRB1\*04:01*), whereas AIH type 2 is associated with *HLA-DR7* (*DRB1\*07:01*) and *HLA-DQ2* (*DQB1\*02:01*) \[[@B10-ijms-17-02007],[@B11-ijms-17-02007],[@B12-ijms-17-02007],[@B13-ijms-17-02007],[@B14-ijms-17-02007],[@B15-ijms-17-02007],[@B16-ijms-17-02007]\]. A recent genome-wide association study (GWAS) on Dutch and German patients confirmed *DRB1\*03:01* and *DRB1\*04:01* as the primary and secondary susceptibility loci for AIH type 1 \[[@B17-ijms-17-02007]\]. However, distinctive susceptibility variants have been reported for different ethnic groups (see \[[@B16-ijms-17-02007]\] for a more detailed listing of HLA associations). Interestingly, the HLA haplotype seems to also influence the course of the disease: patients carrying the *HLA-B8* allele develop a more severe inflammation and are more likely to have a relapse after treatment. The presence of *HLA-DR3* is associated with a lower probability for remission and a higher relapse frequency as well as a frequent requirement for liver transplantation \[[@B18-ijms-17-02007]\]. In addition, patients carrying *DRB1\*03:01* generate higher immunoglobulin G levels \[[@B19-ijms-17-02007]\]. In contrast, individuals with *HLA-DR4* display a higher rate of complete remissions alongside a lower frequency of cirrhosis and are thus associated with a more favorable clinical outcome \[[@B20-ijms-17-02007]\].

In general, the clinical spectrum of AIH ranges from asymptomatic to severe, with symptoms that are similar to those found in acute viral hepatitis or fulminant hepatic failure \[[@B3-ijms-17-02007],[@B21-ijms-17-02007],[@B22-ijms-17-02007]\]. Thus, the diagnosis of AIH has been and still is challenging and depends on several factors including histological features as well as serum biomarkers, such as specific autoantibodies. The key histological features of AIH is the presence of an interface hepatitis/piecemeal necrosis affecting patches of hepatocytes characterized by plasmacytosis (infiltrating plasma cells), hepatocyte rosetting and emperipolesis \[[@B3-ijms-17-02007],[@B5-ijms-17-02007],[@B21-ijms-17-02007]\]. According to the revised and simplified scoring system of the International AIH Group (IAIHG) \[[@B23-ijms-17-02007]\], one of the core diagnostic criteria of AIH and its subtypes is the presence of specific antibodies to particular liver autoantigens \[[@B24-ijms-17-02007],[@B25-ijms-17-02007]\]. Historically, AIH type 1 has been characterized by the presence of anti-nuclear (ANA) and/or anti-smooth muscle (SMA) autoantibodies, whereas type 1 liver/kidney microsomal autoantibodies (LKM-1) have been considered as the hallmark of AIH type 2 \[[@B3-ijms-17-02007],[@B9-ijms-17-02007],[@B21-ijms-17-02007],[@B26-ijms-17-02007]\]. However, recently, such a classification has been questioned since patients with type 1 and type 2 AIH share the same clinical phenotype \[[@B27-ijms-17-02007]\]. In addition, in some patients, the autoantibody profile changed from one subtype to another over time. AIH type 2 might as well constitute an early form of AIH appearing in younger patients who later during disease convert to an AIH type 1 phenotype. One of the most thoroughly characterized autoantigens is the 2D6 isoform of the large cytochrome P450 enzyme family (CYP2D6) that is recognized by LKM-1 antibodies and was identified in the late 1980s \[[@B28-ijms-17-02007],[@B29-ijms-17-02007]\]. The majority of patients carry LKM-1 antibodies that recognize an immunodominant region spanning aa 256--269 \[[@B30-ijms-17-02007],[@B31-ijms-17-02007]\]. However, reactivity of LKM-1 antibodies to several other CYP2D6 epitopes has been detected in various proportions of patients' sera (reviewed in \[[@B25-ijms-17-02007]\]). Importantly, CYP2D6-specific cluster of differentiation (CD) 4 and CD8 T cells were found in the blood and the liver of AIH patients \[[@B32-ijms-17-02007],[@B33-ijms-17-02007]\].

2. Current Treatment {#sec2-ijms-17-02007}
====================

Due to the autoimmune nature of the disease, the traditional standard therapy of AIH is a glucocorticoid treatment with prednisone/prednisolone alone or in combination with azathioprine \[[@B5-ijms-17-02007],[@B22-ijms-17-02007],[@B34-ijms-17-02007]\]. The goal of the therapy is to induce AIH remission indicated by a normalization of the serum aminotransferase levels and a reduction of the hypergammaglobulinemia (see a more detailed review on the clinical treatment of AIH by Mann et al. \[[@B5-ijms-17-02007]\]). Alternative treatments have been introduced, in particular for treatment of AIH relapses after corticosteroid withdrawal. It has been demonstrated that the next-generation glucocorticoid budesonide and the calcineurin inhibitors cyclosporine A and tacrolimus improve the outcome of AIH \[[@B5-ijms-17-02007],[@B22-ijms-17-02007],[@B34-ijms-17-02007]\]. Another promising drug is the immunosuppressant cytostatic drug mycophenolate mofetil that has been shown to be safe and effective as first-line or rescue therapy in inducing and maintaining remission \[[@B35-ijms-17-02007]\]. Although the majority of individuals indeed achieve a remission during standard therapy, adults rarely achieve resolution of their laboratory and liver tissue abnormalities in less than 12 months and withdrawal of therapy after two years leads to relapse in 85% of cases \[[@B9-ijms-17-02007]\]. In addition, long-term therapies of AIH carry the risk of significant steroid-specific and azathioprine-related side effects. Recently, small preliminary studies have been performed, evaluating more specific treatments, including the administration of anti-CD20 antibodies (i.e., rituximab) and tumor necrosis factor α (TNFα)-neutralizing biologics such as infliximab \[[@B36-ijms-17-02007],[@B37-ijms-17-02007]\]. The outcome of these studies, namely a reduction of inflammation, is promising. However, due to the low number of treated patients (\<10) these data should be considered with caution. In addition, patients treated with infliximab also experienced an increased risk of opportunistic infections \[[@B36-ijms-17-02007]\].

Overall, it is somewhat surprising that the therapy of AIH is still largely restricted to a traditional immunosuppressive regimen including glucocorticoids and cytostatic drugs, although some of the major target antigens have been characterized even on the level of specific epitopes. The problem is that the etiology and the detailed immunopathogenic mechanisms of AIH are still only poorly understood. One major reason for this lack of comprehension is the fact that, in the past, there were not many reliable animal models available that could have answered the central questions of how tolerance to self-components, such as CYP2D6 and other molecules, is broken and what mechanisms subsequently promote and maintain the chronic inflammation and liver fibrosis in AIH.

3. Mechanistic Insight from Clinical Observations {#sec3-ijms-17-02007}
=================================================

The presence of liver autoantigen-specific antibodies and T cells led to the perception of AIH as an autoimmune disease affecting the liver in an organ-specific fashion. A variety of autoantibodies have been found in the past and their reactivity to liver autoantigens has been characterized to the level of individual immunodominant epitopes that are recognized by the majority of AIH patients \[[@B24-ijms-17-02007],[@B25-ijms-17-02007]\]. Although there is a considerable overlap in the specificity of autoantibodies found in patients diagnosed with AIH, PBC and PSC \[[@B38-ijms-17-02007]\], the presence of many autoantibodies are included in the overall diagnostics of AIH \[[@B23-ijms-17-02007]\]. However, it is not clear if such autoantibodies also have a pathologic role. It has been found that the titers of autoantibodies correlate with other parameters that characterize disease severity, such as serum aminotransferases and histology \[[@B39-ijms-17-02007]\], but this might also be an epiphenomenon of the exacerbated liver damage. Potentially, autoantibodies may induce cellular damage by different means, such as complement activation, fragment Fc receptor binding, and immune complex formation. Indeed, several observations suggest a certain pathogenic role for autoantibodies. First, isolated hepatocytes from AIH patients are often covered with antibodies \[[@B40-ijms-17-02007]\]. Second, such hepatocytes decorated with autoantibodies are sensitive to cytotoxic killing by mononuclear cells \[[@B40-ijms-17-02007]\]. Third, CYP2D6, the major liver autoantigen in AIH type 2, has been found at the surface of hepatocytes \[[@B41-ijms-17-02007]\]. However, in humans, a definite proof for a pathogenic role of autoantibodies is difficult to come by and would have to involve either a depletion of antibody producing B cells and/or a transfer of disease as a result of a blood transfusion. The initial study with an anti-CD20 antibody (rituximab) therapy that resulted in reduced inflammation in AIH patients \[[@B37-ijms-17-02007]\] might indicate a complicity of autoantibodies. However, it has been shown that the administration of rituximab also affects the CD20+/CD3+ T cell population \[[@B42-ijms-17-02007]\] and thus the effect might not be restricted to B cells.

A major indication for cellular components as drivers of the hepatic damage originates from the composition of immune cell infiltration in the typical pattern of interface hepatitis seen in AIH patients. Lymphocytes, plasma cells, as well as macrophages and monocytes are abundantly present in the cellular infiltrations in the portal tract stretching into the parenchyma \[[@B43-ijms-17-02007]\]. Already in the late 1970s, Vergani et al. demonstrated that lymphocytes of the non-T cell compartment display cytotoxic activity to autologous hepatocytes in HBsAg-negative chronic active hepatitis \[[@B44-ijms-17-02007]\]. But it was not until 1990 that data demonstrating liver autoantigen-specific cytotoxicity of T cells were published by Wen et al. who performed clonal analysis of T cells obtained from the peripheral blood and the liver of AIH patients \[[@B45-ijms-17-02007]\]. From the seven isolated T cell clones, six reacted with the liver-specific membrane lipoprotein (LSP) and one with the asialoglycoprotein receptor (ASGPR). Interestingly, in the blood, the dominant liver autoantigen-specific T cell population had a CD4+ α/β T cell phenotype, whereas in the liver, mainly either CD8+ α/β T cells or CD4/CD8 γ/δ T cells have been found \[[@B45-ijms-17-02007]\]. These early data indicated that cytotoxic T cells are indeed found in the liver of AIH patients and that T cell help might be important for the activation of cytotoxic T cells and the generation of IgG-type autoantibodies. Since its identification as the major target of LKM-1 antibodies in AIH type 2 in the late 1980s \[[@B29-ijms-17-02007]\], CYP2D6 is possibly the one liver autoantigen that has been most thoroughly investigated. Epitope mapping has been conducted for both antibodies \[[@B24-ijms-17-02007],[@B25-ijms-17-02007],[@B46-ijms-17-02007]\] and T cells \[[@B14-ijms-17-02007]\]. Thus, it comes as no surprise that a lot of information on the phenotype and activity of CYP2D6-specific T cell populations has been collected. Lohr et al. isolated 189 T cell clones from liver biopsies of AIH type 2 patients (LKM-1 positive) and found that the majority of liver-infiltrating CYP2D6-specific T cells were CD4+ and proliferated upon stimulation with CYP2D6 \[[@B32-ijms-17-02007]\]. However, they also found cytotoxic activity in 24 out of 26 CD8+ and 20 out of 63 CD4+ T cell clones \[[@B32-ijms-17-02007]\]. A detailed epitope mapping performed with overlapping peptides covering the entire CYP2D6 protein on CYP2D6-specific CD4 T cell clones revealed seven major epitopes \[[@B14-ijms-17-02007]\]. Importantly, Ma et al. demonstrated that the production of the T cell cytokines interferon γ (IFNγ) and interleukin (IL)-4/IL-10 was dependent on the stimulation with distinct peptides, indicating a differential activation pattern of T cells of the T helper (Th) 1-type (IFNγ-producing) and the Th2-type (IL-4/IL-10 producing) during the disease pathogenesis \[[@B14-ijms-17-02007]\]. Epitope spreading, as demonstrated in a mouse model for AIH (see [Section 4](#sec4-ijms-17-02007){ref-type="sec"}) \[[@B47-ijms-17-02007]\], might have been involved in such a differential epitope specificity. Th17-type T cells have also been detected in patients with AIH, which supports findings of elevated serum levels of IL-17 and IL-23 as well as increased hepatic expression of IL-17, IL-23, RAR-related orphan receptor γt (RORγt), IL-6, and IL-1β in AIH patients \[[@B48-ijms-17-02007]\]. Interestingly, IL-17 induced a mitogen-activated protein kinase (MAPK)-dependent expression of IL-6 in hepatocytes, which in turn stimulated Th17-type T cells \[[@B48-ijms-17-02007]\]. These data suggest that Th17-type T cells also play an important role in AIH pathogenesis, particularly since it has been shown that transforminf groth factor β (TGFβ) in combination with IL-6 converts CD4 precursor T cells in Th17-type T cells rather than regulatory T cells (Treg) \[[@B49-ijms-17-02007]\]. Indeed, CD4+ CD25^high^ Treg are found to be reduced in numbers and decreased in their suppressive/regulatory activity in patients with AIH \[[@B50-ijms-17-02007]\]. Similarly, it has been demonstrated that CD4+ CD25^high^ Treg from AIH patients are impaired in their ability to suppress IFNγ production by CD4 and CD8 T cells \[[@B51-ijms-17-02007]\]. However, more recently, a study by Peiseler et al. further restricted the analysis to CD4+ CD25+ forkhead box P3 (FoxP3)+ Treg to exclude recently activated CD4 T cells that also express CD25 \[[@B52-ijms-17-02007]\]. They found no impairment of FoxP3+ Treg in AIH patients and an elevated intrahepatic Treg frequency compared to patients with non-alcoholic steatohepatitis (NASH) \[[@B52-ijms-17-02007]\].

The central question is of course how such liver autoantigen-specific B and T cells of any given phenotype have been elicited in the first place. Besides lymphocytes, dominant cell types found in the cellular infiltration of the portal/periportal area include monocytes and macrophages \[[@B43-ijms-17-02007],[@B51-ijms-17-02007]\]. Such monocytes are clearly the result of an inflammatory event, since they predominantly express the pro-inflammatory cytokine TNFα rather than IL-10 \[[@B51-ijms-17-02007]\]. External triggers for a pro-inflammatory milieu in the liver can be manifold, including pathogen infections, drugs, alcohol, and obesity. It has been reported that 26 of 54 patients with NASH also carried ANA or anti-mitochondrial antibodies (AMA) and manifested histological signs of an overlap with AIH or PBC, respectively \[[@B53-ijms-17-02007]\]. In a larger study, it was found that 23% of 225 patients with non-alcoholic fatty liver disease (NAFLD) carried ANA or SMA and the majority (88%) of such autoantibody-positive NAFLD patients fulfilled the diagnostic criteria for AIH \[[@B54-ijms-17-02007]\]. However, in another study with 212 patients with biopsy-proven NAFLD, only one patient could be classified as definite AIH after liver biopsy, although 33% of these patients were ANA-positive \[[@B55-ijms-17-02007]\]. Thus, similar to alcoholic liver disease and its influence on autoimmunity \[[@B56-ijms-17-02007]\], there is neither firm proof that NAFLD or NASH induce or at least promote autoimmune liver disease nor that they influence the severity of disease. However, it has been demonstrated that pre-existing NAFLD leads to an increased frequency of liver autoantigen-specific T cells and a higher severity of AIH in the mouse \[[@B57-ijms-17-02007]\]. Drugs are known to induce acute and/or chronic liver injury and may cause autoimmune-mediated hepatitis with similar manifestations as AIH. However, due to the often known etiology, drug-induced autoimmune hepatitis, such as halothane hepatitis \[[@B58-ijms-17-02007]\], are classified separately from AIH \[[@B59-ijms-17-02007]\]. Yet, there is currently no clear evidence for drugs or xenobiotics to break tolerance to AIH-related liver autoantigens. This stands in contrast to PBC, for which 2-octynoic acid (2-OA), a cosmetic and food additive, has been suggested as a trigger of a liver autoantigen-specific immune response \[[@B60-ijms-17-02007]\]. Patients with PBC carry autoantibodies directed against the E2-subunit of the pyruvate dehydrogenase complex (PDH-E2), the major liver autoantigen in PBC, that cross-react with 2-OA \[[@B60-ijms-17-02007]\]. In addition, immunization of mice with 2-OA conjugated to a carrier protein induces a PBC-like disease \[[@B61-ijms-17-02007]\]. However, such cases of "molecular mimicry" between trigger and target are most often associated with pathogen infection \[[@B62-ijms-17-02007],[@B63-ijms-17-02007]\].

In the context of AIH, predominantly virus infections have been associated with the initiation and/or propagation of the disease \[[@B64-ijms-17-02007]\]. Interestingly, the occurrence of LKM-1 antibodies in chronically hepatitis C virus (HCV)-infected patients might be explained by molecular mimicry, since antibodies binding to the HCV proteins nonstructural protein (NS) 3 and NS5a recognize a specific conformational epitope on CYP2D6 between aa 254 and 288 \[[@B65-ijms-17-02007]\]. In addition, LKM-1 antibodies of AIH type 2 patients recognizing CYP2D6 aa 193--212 have been demonstrated to cross-react with epitopes of HCV (RNA-dependent DNA polymerase NS5 aa 2977--2996) and cytomegalovirus (CMV) (alkaline exonuclease aa 121--140) \[[@B66-ijms-17-02007]\]. A further sequence homology has been reported between the immunodominant CYP2D6 epitope, DPAQPPRD, and the infected cell protein 4 (ICP4) of herpes simplex virus 1 (HSV-1) \[[@B31-ijms-17-02007]\]. Furthermore, we have found additional sequence homologies between a variety of CYP2D6 epitopes and proteins of human pathogens, including *Legionella pneumophila*, influenza A (H1N1) virus, Kaposi's sarcoma-associated herpes virus (HHV-8), and human cytomegalovirus (HHV-5) \[[@B46-ijms-17-02007]\]. However, definite proof for viruses to directly induce AIH has been elusive to date. Yet it is likely that more than just one environmental trigger is required for the precipitation of an autoimmune disease such as AIH \[[@B67-ijms-17-02007]\].

Pathogen infections usually cause the expression of a broad variety of inflammatory factors, such as cytokines and chemokines. In a comparative study of the serum levels of 21 different cytokines and chemokines in 148 patients with either AIH, PBC or PSC, 54 patients with chronic hepatitis C infection and 50 healthy controls revealed an increased expression of IL-6, IL-8, IL-10, chemokine (C-C motif) ligand 4 (CCL4), CCL26, chemokine (C-X-C motif) ligand (CXCL9), and CXCL10 in all patients with autoimmune liver diseases. In addition, patients with AIH and PBC showed elevated levels of IFNγ, IL-1β, IL-4, IL-5, IL-12p70 and IL-13. Further, a significant increase in IL-2 and IL-15 was detected only in the serum of AIH patients \[[@B68-ijms-17-02007]\]. Possibly due to their role in other autoimmune diseases such as type 1 diabetes (T1D) \[[@B69-ijms-17-02007]\], the chemokines CXCL9 and CXCL10 have been getting more attention than other chemokines in the past. However, CXCL10 has not only been found to be elevated in the serum of patients with AIH \[[@B68-ijms-17-02007],[@B70-ijms-17-02007]\], but also in hepatocytes of AIH patients \[[@B71-ijms-17-02007]\], and was, like CXCL9, associated with disease severity \[[@B72-ijms-17-02007],[@B73-ijms-17-02007]\]. Since CXCR3, the receptor for CXCL9 and CXCL10, is predominantly expressed on activated Th1-type and Th17-type T cells, CXCR3 ligands are central in the attraction of aggressive T cells to the site of inflammation \[[@B74-ijms-17-02007]\].

In summary, the knowledge gained on the pathogenic mechanism of AIH from studies with sera and biopsies of AIH patients is naturally limited to analytical and observational investigations. Nevertheless, the following possible scenario can be envisioned ([Figure 1](#ijms-17-02007-f001){ref-type="fig"}): An external triggering event, such as a virus infection, elicits an inflammation locally in the liver. Liver resident cells of the innate immune system (macrophages, dendritic cells, neutrophils, natural killer (NK) cells) are activated and release a first wave of inflammatory factors (cytokines, chemokines) that in turn attract and/or activate additional cells of the innate as well as the adaptive immune system, including B and T cells. Maybe due to the existence of a structural similarity between one or more viral antigens and liver autoantigens (molecular mimicry) or by simple presentation of sequestered "unknown" autoantigens upon hepatocyte damage, specific B and T cells are activated and expanded. Subsequently, by mechanisms of hepatocyte lysis (perforin/granzyme B or complement mediated) or release of cellular toxins, such as IFNγ and TNFα, the chronic destruction is perpetuated. Although such a scenario seems feasible and fits well into the canonical events that are described for many other autoimmune diseases, firm proof cannot be gained by observations in patients alone. Thus, from the beginning of the recognition of AIH as an autoimmune-mediated disease, studies have tried to establish animal models to better investigate the mechanism of the disease and evaluate possible therapies.

4. Mechanistic Insight from Animal Models {#sec4-ijms-17-02007}
=========================================

This review does intend to provide a comprehensive listing of all animal models for AIH that have been developed in the past. Its goal is to highlight the knowledge of immunopathogenic mechanisms involved in acute and chronic AIH-like disease and the associated hepatic fibrosis. However, for a more detailed description of the models themselves, we would like to refer to other recent reviews on that topic \[[@B75-ijms-17-02007],[@B76-ijms-17-02007]\]. Many animal models for AIH have been developed over the last three to four decades starting in the early 1970s with the injection of liver homogenates of heterologous origin combined with various activating adjuvants into mice and rabbits by Meyer zu Büschenfelde et al. \[[@B77-ijms-17-02007]\]. The results were promising since they found prolonged flares of hepatitis. Interestingly, it already became clear at that time that the generated antibodies against unknown liver autoantigens were not sufficient to induce disease in transfer experiments, suggesting the additional requirement of pathogenic T cells. In the 1980s, Kuriki et al. developed a mouse model termed "experimental autoimmune hepatitis" or "EAH" by injecting mice with syngeneic liver homogenate or liver-specific lipoproteins with the polysaccharide of *Klebsiella pneumoniae* 03:K1 as an adjuvant \[[@B78-ijms-17-02007]\]. EAH mice generated liver-specific lipoprotein antibodies, had portal infiltrations of mononuclear cells and the transfer of splenocytes from these mice into non-treated recipients resulted in portal infiltration with mononuclear cells and necrosis of parenchymal cells \[[@B78-ijms-17-02007]\]. The presence of liver autoantigen-specific T cells was demonstrated later by Lohse et al., who induced EAH by immunization of C57BL/6 mice with a crude 100,000 g supernatant of syngeneic liver homogenate (S-100) emulsified in complete Freund's adjuvant \[[@B79-ijms-17-02007]\]. Many follow-up studies used the S-100 injection model in various inbred mouse strains giving rise to valuable information on effector cells and regulatory phenomena in liver-specific immune reactions \[[@B80-ijms-17-02007],[@B81-ijms-17-02007],[@B82-ijms-17-02007]\]. In addition, it has also become evident that an external trigger is required to induce acute and/or chronic hepatitis. In contrast to other autoimmune diseases, such as T1D or PSC, there are no spontaneous models that would serve as a "gold standard" model for the disease, similar to the non-obese diabetic (NOD) mouse for T1D \[[@B83-ijms-17-02007]\] or the multidrug resistance2 (mdr2)−/− mouse for PSC \[[@B84-ijms-17-02007]\]. Nevertheless, some knock-out models of AIH have been established that give insight into the pathogenesis of the disease. For example, programmed cell death 1 (*PD-1*)-deficient mice when neonatally thymectomized (NTx) develop fatal AIH due to a lack of appropriate immune regulation \[[@B85-ijms-17-02007]\]. Similar to regular *PD-1*-deficient mice, *NTxPD-1*-deficient mice display a reduced number of regulatory T cells. However, in contrast to regular *NT*- and untreated *PD-1*-deficient mice, they produced ANA and developed a fatal hepatitis characterized by CD4 and CD8 T cell infiltrations of the liver parenchyma with massive lobular necrosis \[[@B85-ijms-17-02007]\]. Maruoka et al. demonstrated that the administration of dexamethasone to *NTxPD-1-*deficient mice prevented the development of fatal AIH, but not the production of aggressive T cells. Thus, removal of dexamethasone led to a relapse of AIH \[[@B86-ijms-17-02007]\]. Further, it has been shown that blockade of CXCL9 or IL-18 suppressed AIH progression in *NTxPD-1-*deficient mice by decreasing the frequency of CXCR3+ T cells in the liver \[[@B73-ijms-17-02007]\]. Another example for spontaneous AIH-like disease is a triple knock-out mouse model for the receptor tyrosine kinases Tyro3, Axl and Mer that play an important role as negative regulators of Toll-like receptor (TLR) signaling \[[@B87-ijms-17-02007]\]. The excessive stimulation via the TLR signaling pathway in such mice induced persistently elevated serum aminotransferase levels, severe portal inflammation and piecemeal necrosis, as well as presence of ANA and SMA \[[@B87-ijms-17-02007]\].

In contrast to such spontaneous models that develop AIH-like disease due to a naturally occurring or transgenically introduced defect, most model systems use external inflammatory triggers to mimic acute and/or chronic features of human AIH. One of the most frequently used ways to induce cytokine-mediated liver injury in mouse models is the systemic application of the lectin concanavalin A (ConA) that leads to unspecific T cell stimulation and severe liver injury \[[@B88-ijms-17-02007]\]. TNFα and IFNγ have been identified as the final effector cytokines required for ConA-induced hepatitis, since neutralizing antibodies to either cytokine can inhibit the disease \[[@B89-ijms-17-02007],[@B90-ijms-17-02007]\]. It has been further found that the cytokine production depends on the interaction between lymphocytes and macrophages \[[@B91-ijms-17-02007]\] and that Fas ligand (FasL) expression on liver natural killer T cells (NKT) plays a role in the pathogenesis of this model for acute hepatitis \[[@B92-ijms-17-02007]\].

In the 1990s, many models were generated in which disease-related or -unrelated model autoantigens were transgenically expressed as specific targets in the liver. As expected, such animals did not spontaneously develop hepatitis and required the activation of a target-specific immune response by either a strong inflammatory event locally in the liver, such as infection with a liver-tropic pathogen, or the additional liver-specific expression of (a) inflammatory mediator(s) \[[@B93-ijms-17-02007],[@B94-ijms-17-02007],[@B95-ijms-17-02007],[@B96-ijms-17-02007],[@B97-ijms-17-02007],[@B98-ijms-17-02007],[@B99-ijms-17-02007],[@B100-ijms-17-02007],[@B101-ijms-17-02007],[@B102-ijms-17-02007],[@B103-ijms-17-02007]\]. Furthermore, some of these transgenic models required the transfer of target antigen-specific T cells to circumvent the robust regulatory mechanisms of the liver. Especially at the beginning, the results obtained with these various animal models led to the identification of mechanisms involved in the establishment and/or maintenance of tolerance to liver autoantigens and indicated that the generation of a model that accurately reflects the chronic nature of human AIH was not an easy task at all. Yet, some models already led to the identification of key inflammatory factors such as IFNγ. In a model developed by Frank Chisari and colleagues, transgenic mice expressing the hepatitis B virus surface antigen (HBsAg) under the control of the mouse albumin promoter developed a transient form of hepatic injury upon adoptive transfer of activated T cells from HBsAg-primed donor mice \[[@B93-ijms-17-02007],[@B94-ijms-17-02007]\]. The HBsAg-specific immune response was dominated by HBsAg-specific cytotoxic T-lymphocytes (CTL) that triggered apoptosis of hepatocytes expressing HBsAg and released IFNγ upon antigen encounter \[[@B93-ijms-17-02007]\]. Limmer et al. demonstrated that tolerance to liver antigens could only be broken after additional transfer of cells expressing the target antigen and the pro-inflammatory cytokine IL-2 \[[@B96-ijms-17-02007]\]. Alternatively, a parallel infection with a liver-specific pathogen (i.e., *Listeria monocytogenes*) provided a local inflammatory milieu sufficient to break tolerance \[[@B96-ijms-17-02007]\].

Many models followed an adoptive transfer strategy of target antigen-specific TCR-transgenic T cells to circumvent thymic selection of T cells specific to endogenously or transgenically expressed target antigens in the liver. However, due to the lack of an inflammation in the liver, such transfer models rarely induced AIH-like disease. Thus, T cell transfer often was combined with an infection with liver-tropic viruses, bacteria or parasites. Pathogen infection targeting the liver can cause a local "fertile field" \[[@B104-ijms-17-02007]\], which then enhances the attraction of potential aggressive cells of the immune system. Such a strategy was used in transgenic mice expressing the immunodominant CTL epitope GP33 of the glycoprotein (GP) of the lymphocytic choriomeningitis virus (LCMV) under the control of the albumin promoter (Alb) in the liver \[[@B97-ijms-17-02007]\]. This model demonstrated that infection with a liver-tropic pathogen (i.e., LCMV) as well as a the presence of liver autoantigen-specific T cells were required to induce a transient form of hepatitis, since transfer of target antigen-specific T cells or LCMV-infection alone did not induce disease \[[@B97-ijms-17-02007]\]. In addition, the model underlines the perception of the liver as an organ with a high level of immune regulatory activity, since the findings are in contrast to the observation made in the RIP-LCMV model for T1D. In transgenic RIP-LCMV mice, GP is expressed under the control of the rat insulin promoter (RIP) in the insulin-producing β-cells of the pancreas \[[@B105-ijms-17-02007],[@B106-ijms-17-02007]\]. To induce diabetes in RIP-LCMV mice, only infection with LCMV is required, and not a transfer of target antigen-specific T cells \[[@B105-ijms-17-02007],[@B107-ijms-17-02007],[@B108-ijms-17-02007]\]. These data suggest that in contrast to similar models, which have been used to mimic autoimmune diseases affecting other organs, the expression of target antigens on hepatocytes requires a stronger trigger to initiate an autoimmune process. The reason for such a requirement is most likely the immunoprivileged status of the liver. The mechanisms of hepatic immune tolerance include T cell inactivation by antigenic priming in the liver \[[@B109-ijms-17-02007]\], tolerance induction via cross-presentation by liver sinusoidal endothelial cells (LSEC) \[[@B110-ijms-17-02007]\], induction of regulatory T cells \[[@B111-ijms-17-02007],[@B112-ijms-17-02007]\], hepatic stellate cell (HSC)-induced T cell apoptosis \[[@B113-ijms-17-02007]\] and hepatic microenvironment-induced differentiation of regulatory dendritic cells \[[@B114-ijms-17-02007]\]. The first conclusive experiments proving that a neoantigen expressed solely on hepatocytes could lead to T cell tolerance by deletion, anergy, and receptor downregulation came from Ferber et al. \[[@B95-ijms-17-02007]\]. They generated transgenic mice that expressed the MHC class I alloantigen H-2Kb under the inducible carbon-reactive protein (CRP) promoter (CRP-Kb mice) and found that even low levels of H-2Kb expression induced tolerance to allogeneic skin grafts in CRP-Kb mice. This tolerance induced in the liver was strong enough to withstand crossing with mice transgenically expressing a H-2Kb-reactive T cell receptor (TCR) on most of their CD8 T cells \[[@B95-ijms-17-02007]\]. Similarly, the liver-specific ectopic expression of myelin basic protein (MBP), a major oligodendrocyte autoantigen in multiple sclerosis (MS), resulted in the protection from neuroinflammatory disease in a mouse model for MS \[[@B112-ijms-17-02007]\]. Luth et al. demonstrated that the ectopic expression of MBP in the liver, but not in the skin, induced the generation of MBP-specific Treg that blocked the proliferation of MBP-specific effector T cells \[[@B112-ijms-17-02007]\]. The finding that tolerogenic properties of the liver are at least partially responsible for the difficulties in generating a valid model for AIH are supported by another TCR-transgenic model that has been developed by Zierden et al. They found a spontaneous chronic liver inflammation in Alb-HA/CL4-TcR double transgenic mice that express the influenza virus hemagglutinin (HA) under the control of the albumin promoter in the liver as well as HA-specific TCR on the majority of CD8 T cells \[[@B103-ijms-17-02007]\]. Here, an infection with a liver-tropic pathogen was not required to elicit persistent hepatitis, suggesting that the presence of a large quantity of liver antigen-specific CD8 T cells is sufficient to provoke chronic liver inflammation \[[@B103-ijms-17-02007]\]. This model nicely demonstrates how the immunosuppressive mechanisms of the liver may influence the course of disease, since the majority of infiltrating HA-specific CD8 T cells displayed impaired proliferative capabilities and only little effector function. In addition, the liver infiltrates contained a considerable number of regulatory CD4 T cells that suppressed the activation of HA-specific CD8 T cells and thereby might have prevented a full-blown autoimmune destruction of the liver parenchyma \[[@B103-ijms-17-02007]\]. The requirement for T cells for AIH to develop is further supported by data obtained from the Traf6ΔTEC model, in which the expression of the ubiquitin ligase Traf6 was ablated specifically in medullary thymic epithelial cells (mTEC), resulting in a disturbed central tolerance mechanism \[[@B115-ijms-17-02007]\]. Such mice showed features of AIH including interface hepatitis, plasmacytosis, and the generation of liver autoantigen-specific antibodies (ANA and anti-soluble liver antigen (SLA)). Further, Alexandropoulos et al. demonstrated that autoreactive CD4 T cells home to the liver, get activated through presentation of liver autoantigens, and differentiate into Th1-type or Th2-type T cells releasing IFNγ or IL-4, respectively. Subsequently, IFNγ activates cytotoxic CD8 T cells and IL-4 induces the differentiation of plasma cells and the production of autoantibodies \[[@B115-ijms-17-02007]\]. Mice with a defect in the autoimmune-regulator (*AIRE*) gene also possess a defective central tolerance and develop a murine-autoimmune polyendocrine syndrome type 1 (APS-1). Among other autoimmune manifestations, such *AIRE*-deficient mice suffer from AIH and develop autoantibodies to a variety of liver autoantigens \[[@B116-ijms-17-02007]\]. *AIRE*-deficient mice also displayed an elevated intrahepatic Treg frequency, which however was not sufficient to control AIH. In contrast, transfer of polyspecific Treg could ameliorate AIH \[[@B116-ijms-17-02007]\].

Besides the requirements of T cells and a local inflammation for AIH to develop, animal models also provided evidence for an important role of cytokines. In situ presence/expression of cytokines can be achieved, for example, by direct intraperitoneal injection or DNA vaccination. Djilali-Saiah et al. used IL-12 to elicit hepatic damage in TTR-LCMV mice, which express the well-characterized nucleoprotein (NP) of LCMV as a target antigen under the control of the transthyretin (TTR) promoter specifically in the liver \[[@B99-ijms-17-02007]\]. DNA vaccination with plasmids encoding the NP and IL-12 genes resulted in liver damage characterized by cellular infiltration and elevated serum aminotransferase levels. In addition, the generation of a NP-specific CTL response was detected after two months and persisted for up to five months post-vaccination \[[@B99-ijms-17-02007]\]. The importance of IL-12 as a driver of the immunopathogenic process was further demonstrated in an interesting approach by Tamaki et al. They used dendritic cells loaded with well-differentiated hepatocellular carcinoma cells (DC/Hepa1-6) for vaccination of wild-type C57BL/6 mice followed by intraperitoneal injection of recombinant human IL-12 and found a liver-specific inflammation and liver autoantigen-specific proliferative and cytotoxic responses \[[@B101-ijms-17-02007]\]. Interestingly, adoptive transfer of DC/Hepa1-6 activated splenocytes into non-vaccinated recipients resulted in liver damage. However, the recipient mice had to be treated with IL-12 to develop an autoimmune-like hepatitis \[[@B101-ijms-17-02007]\].

5. Insight from the CYP2D6 Mouse Model {#sec5-ijms-17-02007}
======================================

Some of the models discussed above did not use a defined target liver autoantigen, which makes a quantification and analysis of the specific T cell response difficult. Other strategies employed target proteins that have been well characterized in models for other autoimmune diseases, such as the RIP-LCMV model for T1D \[[@B105-ijms-17-02007],[@B108-ijms-17-02007]\], but had no association with human autoimmune liver disease. In contrast, the CYP2D6 mouse model utilizes the immunodominant antigen (human CYP2D6) in human AIH type 2 \[[@B28-ijms-17-02007],[@B29-ijms-17-02007]\], as a triggering antigen. The targeted delivery of CYP2D6 to the liver with an adenovirus (Ad-2D6) ensures at first an acute hepatic inflammation that subsequently develops into a chronic AIH-like disease \[[@B117-ijms-17-02007],[@B118-ijms-17-02007]\]. Infection of mice with Ad-2D6 results in interface hepatitis with cellular infiltrates that predominantly exhibit B cells and CD4 T cells. However, CD8 T cells, macrophages, dendritic cells, and neutrophils are also frequent \[[@B118-ijms-17-02007]\]. T cell epitope mapping revealed the presence of one CD4 and three distinct CD8 T cell epitopes \[[@B47-ijms-17-02007]\]. Interestingly, these epitopes are all located in regions of intermediate homology between the triggering human CYP2D6 and the target mouse cytochrome P450 (Cyp) homologs, indicating that molecular mimicry rather than identity was required to break Cyp epitope-specific tolerance \[[@B47-ijms-17-02007]\]. This finding was supported by data from human CYP2D6 transgenic mice, which mount almost no T cell immune response \[[@B47-ijms-17-02007]\] and develop a much milder form of AIH \[[@B118-ijms-17-02007]\]. These data indicate that liver autoantigen-specific T cells are one of the main drivers of the pathogenesis of AIH in the mouse. In addition, it serves as proof of principle that an infection with a pathogen that confers molecular mimicry to a liver autoantigen is indeed able to elicit a liver-specific autoimmune disease. However, it has to be stressed here that an infection with a liver-tropic virus was needed to generate a fertile field for the chronic autoimmune destruction to be initiated and/or propagated, since subcutaneous injection of recombinant CYP2D6 and complete Freund's adjuvant also results in the generation of CYP2D6-specific B and T cells but was not sufficient to cause liver damage and AIH \[[@B47-ijms-17-02007]\].

In order to find pathogens that might play a role in the etiology of AIH, the CYP2D6 model was also used to investigate early immunogenic B cell epitopes on the CYP2D6 molecule. Many CYP2D6 epitopes recognized by sera of patients with AIH have been found in the past (reviewed in \[[@B25-ijms-17-02007]\]) and many of these epitopes share sequence homologies to human pathogens \[[@B46-ijms-17-02007],[@B119-ijms-17-02007],[@B120-ijms-17-02007]\]. Since blood samples of AIH patients are mostly only available at or after diagnosis immunoreactivity to the initial immunogenic regions of CYP2D6 might have vanished, leaving behind reactivity to only the most potent immunodominant epitopes. Thus the inducible CYP2D6 model was used to perform a B cell epitope mapping at several defined times after initiation of the disease (i.e., Ad-2D6 infection) in order to reveal to which CYP2D6 epitope antibodies are generated first. Interestingly, the immunodominant CYP2D6 epitope aa 259--270 was also the first epitope to be recognized \[[@B46-ijms-17-02007]\]. This immunodominant epitope contains a core sequence that has also been recognized by sera of the majority of AIH patients \[[@B30-ijms-17-02007],[@B31-ijms-17-02007],[@B120-ijms-17-02007],[@B121-ijms-17-02007]\] and displays sequence homology to the ICP4 of HSV-1 \[[@B31-ijms-17-02007]\]. Unfortunately, there are no firm data from studies with AIH patients that would support the hypothesis that HSV-1 infection plays a role in the etiology of AIH. However, it is noteworthy that reactivity to ICP4 of HSV-1 was frequent in a cohort of 46 patients with chronic hepatitis C including 23 patients with LKM-1 antibodies, but ICP4 reactivity was independent of the presence of LKM-1 antibodies. Further, antibody inhibition studies revealed a true cross-reactivity in only 2 out of 23 LKM-1 antibody-positive hepatitis C patients \[[@B119-ijms-17-02007]\].

The T cell immune response in the CYP2D6 model is dominated by IFNγ-releasing Th1-type T cells \[[@B47-ijms-17-02007]\], whereas Th2-type and Th-17-type T cells secreting IL-4/IL-10 and IL-17, respectively, are far less frequent (Christen and Hintermann, unpublished observation). An additional screening for chemokine expression after Ad-2D6 infection with an inflammatory protein array revealed the induction and/or upregulation of several chemokines including, CCL3, CCL5, CXCL9, and CXCL10 locally in the liver \[[@B122-ijms-17-02007]\]. A similar upregulation of chemokine expression has been reported by Milks et al. who assessed the global gene expression profile by microarray analysis of mRNA isolated from the livers of *Tgfb1*-deficient Balb/c mice to develop a fulminant AIH. They found the highest upregulation (\>10-fold) for the chemokines CCL3, CCL4, CCL5, CCL6, CCL24, CXCL2, CXCL9, CXCL10 and CXCL11 \[[@B123-ijms-17-02007]\]. In the CYP2D6 model, a closer look at CXCL10 and CCL5 using the according knock-out deficient mouse lines revealed that CXCL10 and CCL5 might have opposite effects on the pathogenesis of AIH. Whereas in absence of CXCL10 the infiltration of the liver was reduced, the absence of CCL5 resulted in an exacerbation of the disease as documented by an enhanced infiltration of the liver and an elevation of the frequency of activated CD4 T cells \[[@B122-ijms-17-02007]\]. These data confirm findings in AIH patients indicating that CXCL10 might be one of the main drivers of the disease. In contrast, it has been demonstrated in the ConA model for acute immune-mediated hepatitis that a lack of CXCR3 exacerbates liver damage and abolishes tolerance upon ConA restimulation \[[@B124-ijms-17-02007]\]. This seems to stand in contradiction to the findings in patients and the CYP2D6 model, but one has to consider that CXCL9 as well as CXCL10 are binding to CXCR3 and therefore the biological activity of both ligands are neutralized in *CXCR3*-deficient mice, whereas in *CXCL10*-deficient mice CXCL9--CXCR3 interaction is still possible. It has been suggested that the CXCL9 and CXCL10 might have opposite effects due to a differential binding to the receptor \[[@B74-ijms-17-02007],[@B125-ijms-17-02007]\].

One of the advantages of the CYP2D6 model over other animal models for AIH is the development of chronic liver fibrosis. Infection with Ad-2D6 induces a chronic activation of HSC resulting in an increased deposition of extracellular matrix, such as collagen I and III, and elevated expression of α-smooth muscle actin (αSMA) predominantly in and underneath the capsule \[[@B126-ijms-17-02007]\]. Therefore the route of Ad-2D6 injection was important for fibrosis development, since intravenous administration resulted in a disproportional recruitment of NK cells preventing an efficient chronic HSC activation and fibrosis. In contrast, intraperitoneal administration resulted in a much lower frequency of NK cell in the liver and caused pronounced subcapsular fibrosis and clustering of inflammatory monocytes \[[@B126-ijms-17-02007]\].

6. Conclusions and Future Perspectives {#sec6-ijms-17-02007}
======================================

Reviews on autoimmune hepatitis often contain statements that not much is known about the etiology of the disease and that the mechanisms of the hepatic damage have not been uncovered in detail. Such statements are, on the one hand, true---firm proof for initiating events, such as virus infections, are still lacking and the immunopathogenic path of hepatic destruction still contains large gaps of understanding. On the other hand, one has to acknowledge the progress that has been made in the past three decades from the discovery of chronic active hepatitis that was often associated with a dire long-term prognosis and the requirement of a liver transplant, to current therapeutic interventions that result in a favorable outcome for most patients. Nevertheless, the traditional treatment regimen is still heavily dependent on the administration of corticosteroids and cytostatic drugs that often are associated with undesired side effects. Thus, it is important to effectively transfer the knowledge gained from studies with AIH patients and from animal models to the development of novel therapies. As described in this review and depicted in [Figure 1](#ijms-17-02007-f001){ref-type="fig"}, many immunopathogenic mechanisms have been identified in AIH patients as well as in animal models. The putative chain of events that are involved in the immunopathogenesis of AIH as depicted in [Figure 1](#ijms-17-02007-f001){ref-type="fig"} offers a broad variety of specific intervention sites. Hence, animal models are a perfect testing ground to evaluate innovative treatments, such as the neutralization of critical inflammatory factors or the transfer of liver autoantigen-specific Treg. In this context, it is important to stress that none of the current animals represents human AIH with all its features. In particular, the immunoreactivity to human liver autoantigens is, with the exception of the AIH type 2 autoantigens CYP2D6 and formiminotransferase cyclodeaminase (FTCD) \[[@B127-ijms-17-02007]\], not covered by any of the current models. Since the majority of AIH patients carry antibodies and T cells directed against other liver autoantigens there is still need for better models to be used as an equivalent to human AIH, particularly for AIH type 1.
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![Putative immunopathogenesis of autoimmune hepatitis (AIH). This figure highlights the putative events involved in the immunopathogenesis of AIH as learned from clinical observations and experimental evaluations in animal models. Important inflammatory factors are marked according to whether the evidence was predominantly collected from clinical studies (underlined) or from animal models (italicized). Three main features of AIH are integrated, namely cellular infiltration, hepatocellular damage and hepatic fibrosis. (**1**) One or more environmental triggering events (for example, a liver-tropic pathogen infection) induces direct damage to hepatocytes and possibly also to other liver cells, such as liver-sinusoidal endothelial cells (LSEC), hepatic stellate cells (HSC), and Kupffer cells (KC); (**2**) Liver autoantigens are either directly presented by hepatocytes (mainly by major histocompatibility complex (MHC) class I molecules) or cross-presented by professional antigen-presenting cells, such as dendritic cells (DC) and macrophages (MP), (mainly by MHC class II molecules). Thereby, AIH is associated with the presence of HLA-B8, HLA-DR3, HLA-DR4, and HLA-DQ2. In parallel, the local acute release of alarm signals, such as monocyte-derived cytokines, are released resulting in the attraction and activation of Th0-type T cells, B cells, and natural killer (NK) cells; (**3**) The local pro-inflammatory milieu induces the differentiation of Th0-type T cells predominantly into Th1-type (by interleukin (IL)-12) and Th-17-type (by IL-6 and TGFβ) T cells. However, due to the expression of IL-4, some T cells also acquire a Th2-type phenotype; (**4**) During this phase, the elevated expression of chemokines, such as chemokine (C-X-C motif) ligand (CXCL9) and CXCL10, leads to the attraction of a larger number of immune cells including liver autoantigen-specific T cells as well as non-specific bystander T cells from the circulation to the liver; (**5**) Hepatocyte damage may be precipitated by specific antibodies released by plasma cells (PC), such as liver microsomal antibodies type 1 (LKM-1), anti-nuclear antibodies (ANA), and anti-smooth muscle actin (SMA), that decorate hepatocytes expressing autoantigens at the surface and lead to complement activation and NK cell-mediated killing. Thereby, Th2-type T cells provide help via IL-4 and IL-10 expression; (**6**) Predominant hepatocyte damage seems to originate from cluster of differentiation (CD)8 T cell-mediated killing via perforin/granzyme B-mediated cell lysis or by the release of toxins, such as tumor necrosis factor α (TNFα) and interferon γ (IFNγ); (**7**) Th17-type T cells, via IL-17 and IL-23 release, induce the production of IL-6 by the hepatocytes, which further stimulate Th17-type T cell generation, blocking regulatory T cells (Treg). An impaired immune regulation by Treg is, however, controversial; (**8**) Besides being an important differentiation factor for Th17-type T cells and Treg, transforming growth factor β (TGFβ) is also required for an activation of HSC and subsequently for the exacerbated deposition of collagen observed in hepatic fibrosis. NK cells have been shown to block HSC activation.](ijms-17-02007-g001){#ijms-17-02007-f001}
